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" Rear Projection Screens; A Theoretical Analysis

STAT

The increasing use of rear projection screens has necessitated
the need for a better understanding of their performance limits
pased on an analytical model which relates the physical and
optical properties of the screen. A general discussion of the
optical and viewing properties of rear projection screens,
using an operational terminology, is given, and & theoretical »
model, based on the Mie theory of light scattering, is postulated.
Basic light scattering data are used to calculate relations be-
tween such optical properties as screen brightness, axial gain,
uniformity, efficiency, color fidelity, and ambient light
Sensitivity from such physical parameters as scattering particle
"size, number density, and refractive index of the scattering
particles relative to the embedding material. g

Data from experimental investigations of volume scattering

materials, fabricated by Corning Glass Works, are found to be
in good agreement with the theoretical calculations.
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.Intfoduction.

The growing use of_fearlprojeétioh screens in all
types of disélayé has generated a need for a sound
theofetical.undgrsﬁanding:of the relationships between
the physical parameters of the screen material and the
aséoéiated optical viewing properties. The comprqmises
imposed by different viewing rquirements'are known and
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have been discussed in a number of papers:; however,

the relations between the physical and the optical

. properties and the limits of performance are notably"

absent.
A general discussion of the optical and viewing
properties is given and a theoretical model for calculating

the important properties of such screens is postulated.

"This analysis is restricted to volume scattering materials,

i.e., thosevwhich rely on the scattering of light within

a volume of material réther than at a single surface or
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by a sihg}e elément.A_Theiresults'of ah;experimeﬁtai
, programvtb'test the‘validity of the théoretical modei
'and to idénﬁify potentially good‘;ear.projectién_screen
’ materiais are'discussed. A brief comparison is made

between these Corning screen materials and some of the

available commercial rear projection screens.

Declassified in Part - Sanitized Copy Approved for Release 2012/11/08 : CIA-RDP79B00873A002000010020-0



-
N .

. Declassified in Part - Sanitized Copy Approved for Release 2012/11/08 CiA-RDP7QBOQ873AOOZQQOO10020_-0

S

\
}/

"Ii. _B§¢kgrdund

The fgnéﬁion of a rear proje¢tioh:§éte§n is to
éccepﬁ an image from é»pfojector<loc§téd 65 Sne side
and to.diéplay this image to viewers on the.opposite :
side. The 5creén must interaétlwith the image, Henée
the physical prdperties of the screen material ére
résponsible.for the screens viewing characteristics.
In addition tobthe projectiqﬁ screen, the overall‘
effectivenessrof rear projegtion displays is governéd
by other factors such as.l) the type of projection,
e.g. from slides or motion_pictures, from CRT pgojectors
or from laéér beam scanners, etd., 2) projection and.A
‘viewing g;ometries, e.g. the size ofkthe screen and the
size and shape of the viewing aréa, 3) screen brightness,
4) the level of ambient illumination, and 5) tﬁe observe_r.rl.:)’—19
For example, the screen used with a microscope projector

is viewed by a single observer posifioned directly in

1
i

l

!
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:froﬁt:of the screen; and thgs,a"highly directiohal 
écféen is reguired. In general, this»typé'Of screen
. Will'be efficient. apd not Sensitive to ambient light.
On thé other hand, a compact unit Qifh a short focal
.length prbjéction lené.and a widely spread audience -
»lrequires a wide angle screen which 5ackscatters more
light, making the sgreen less effiéient ahd more
sensitive to ambient lig?t,
The béhavior of a typicél rear projectioﬁ screen
is illustrated in Fig.‘l; Two rays 6f.light are shown»
.inciQent on a screen, oné in the cenﬁér at point A,
the othef at the edge at point B. Coﬁt15uatioﬁ bf the
iiﬁe representing the incident‘réy through any point
 é£ tﬁe screen ésfablishes the 'principle axis' for that
particular ray. The angular intensity distribution for
any point at the screen has it$~axis collinear with'the
:'cdrrésPQndihg principle axis. An observer located at O

i
H

will view point A élong%its principle axis, but will
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view point B at some off axisrangle eB./ The anéle 0g -
is térméd’the fbend angle' and along Qith the angula?
inteﬁsity distributioh determines the b:ightnés; and
uniformity of the screen.
A, Brightneés Géiﬁ‘
{-{ Thé angular brightness of a projection screen_is
béstvdespribed in terms of brightness gain, B(é), which
! _,' " is the ratio of measured brightness of a screen to the -
tfi ’ brightness of.an ideal lLambertian screen, as a function
of éngle, and Qith the sémé incident_irradiance. Bright-
ness ggin rather than energy gain was chosen because of
the need to describe, in general and in meaningful terms,
the angular viewing properties bf reaF pro jection screens.
. The brightness gain is related to the aﬁgular inteﬁsity
distfibution I(g) by
Bl = 2Tl (1)
°
'where IO is the incident irradiance. Expressed another

" way, the angular brightness gain is the rétio of the
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” energy'gaih of a screen to the'energy gain of the.
Lambertian diffusor which for the latter is 2 Cosg.

A TheAideal Lambertian screen'equally distributes the

‘areas. Projection screens that do not diffuse as

. region. Often it is convenient to talk about a screen

-6 - LL-39

incident irradiance between the viewing and projection

uniformly as the Lambertian reference will appear
brighter ovefe.limited rengé of viewing angles, there—
foye, within this region the.valuee of brightness gain
will exceed ueity. Since a diffusing screen is a
paseive elemenf and doesAnet edd energy to an image,
any increase in gain above unityAfor one viewing region

must result in a gain less than unity for some other

~in terms of its ‘'axial gain' which is the on axis

value of the brightness gain function, i.e., at g = o.

In general, a low gain screen has uniform brightness

over a wide range of bend angles while a high gain

screen. changes its brightness with small changes in

‘bend angle.
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,.’The aﬁgular gainfaistributioﬂ shbuidi%;so'be>ﬁ

: ¢QﬁSidéred alqng.with other facet$*df,%hé p§§jéction 
ahd VieWing.bohfiguratioﬁ._ The closéf-fheiséréén»isv

to the viewer, tﬁe greater #he range of bend ahglés;
also an increase in the dimensions of a screen.hés a
cdmpafable effect. The range of bend angles is also
dependent upon'the angular size of the screen as seen
from the projeétor_and is diréctly relaﬁed to the focal
fatio'of the projection leng; the faster the lens, the
greater is the range of Bena angles. Tﬁerefore a screen
with broad éngular viewing properties may be required
"to maintain an image which has sufficient uniformity

of brightness. It is important to ﬁéte that the screen
may be brighter for an obsefver directly in front of

the screen than for one near the edge; however,'it is
more imp0rtaﬁt-to view a uniformly illuminated image
“than tQ:ViéW a brighter more non-uniform oné, assuming_'

}

the brightness is‘sﬁfficient for all viewers to view
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_in qomfort. It is important not to underestimate the

>significance of the visual response of the observer and.

the complexities of perceived brightness, color, and

resolution.17' 20f27

It has been shown that the shape of the gain curves
of various materials can be approximated byvempirical

formulas made up of common mathematical functions such

. . . . . . 3
as cosines, exponentials, and gaussian distributions.”’ 6, 28

o

The angular properties of the projection screens can

then be summarized in terms of sg—called'shape factqrs
which appear as cqnstanté in the.empirical mathematiéai
expréssions. However, since no standa;d empi;ical
curve, uéed.for fitting scatteriﬁg daté, has attained
general aéceptance, the use.of shape factors can only

confuse matters.

' B. Brightness Variation

The uniformity of screen brightness has been shown

to be important in selecting a material with a particular
. , L
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gain diStribution. One measure of brightnéss variation,

Vv, is obtéined by describing the fractional change of

- brightneSs compared with the average brightness within

a specified range of viewing angles, i.e.

Bmax Bmin ‘ F‘*
B = = (2)

Tmax + Bmin
whers Bmax‘and Bmin are the maximum and minimum values
of brightness gain withinAsome specified range of bend
angles. ‘Such a meésure is independent»of the absolute
brightness of fhe screen and is a property of ths material
under a particulaf sef 6f viewing conditions. This typev
of description is necessary because the perceivsd bright-
ness.variation, which is relsted to the logarithmic re-
sponse of the human eye, is dependent.upon fhe absolute
brightness of the screen. Therefore, by inc¢reasing the
absolute.brightness; a screen'san be made to appear more
uniform. This increase in brightness can be brought

about by increasing the irradiance from the projector
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or by:making the scféén smaller,lsince the irradianée

oﬁ thefscreén is pfoportionél to the inyérse square
of.the_magnificatiéﬁ. Another way of deCfeasing the
bfightneéé variatiop of a screen is to use a matérial
‘which has a brdader brightness gain function. Un-
fortunately, the use of a screen with broader scattering

 properties results in a decrease in efficiency as more

light is lost through backscattering, and in addition{
the incréase_in backscattering increases the sehsitivity
of the screen fo ambient iight.

C. Efficiéncy

‘There are two measures of efficiency. The more

~general measure is the diffuse transmittance T4, defined
as the fraction of the incident irradiance which pésses

through the screen, i.e.

/o : ‘
_ T '
= Tesee T MT/_T/MG!MM |
Ta = leroe Jo ) (3)
where TSpec is the specular transmittance of the screen
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"~ and fOr'practical purposes must ‘be zero. A second, and
more specific measure of,efficienéy,_Té,:is'the'fraCtion
of the incident irradiance that is scattered within some

Specific viewing»angle 8 and is defined as

= 20 v )
/e | '.Il//’IV&)ﬁwﬁéﬁ . (4)
[~ .
0 : .

The ‘choice of the limiting angle 9 is dependent upon
the specific appliéatidn and the associated geometries;
This measure has more meaning than the diffuse trans-

mittance, because all of the scattered light not

P

i

.‘within some specific-limiting Viéﬁipg angle is lost,
‘just as if the irrédiance was absorbed or‘backscattered.
It will be shown later that a plot of fe vs,‘akial éain
is a good indicator of screep pgrformance and is easily
compafed with theoretical predictions, independent of
the specific physical properties of the screen.

The impo£tance of screen efficiency-should not be

underestimated. It is well known that many projection

]
|
L
i'

{
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: systems:are literaliy bufnigg up'traﬁépaféncies‘bécéusev
of thevnéed_fbr a bright”uniférm picturevover a Wide
A_rangé'of bend angles. This situation generally-occuré
because either.the scréeﬁ is not properly ﬁatched to-
~tﬁe prdjection and viewing requirements or ﬁhé viewing.
requirements are unrealistic; in either case impossible
constraints are imposed Qn tﬁe other parts of.the
display system, including the viewer. Certain losses
loutsidé of thqse due to picture size and the associated
réﬂée of benqvéngles can-be attributed to factors such
as backscattef and reflection of projection light by
the screen and»its surfaces, and absorption by the
transparency being projected. VIt has-been shown that
up to two-thirds of the availableAirradiance can bé
absorbed by a transparency.
D. Reéolutidn
Resolution is one of the most impo?taﬁt screen

parameters, as it limits the fineness of aetail which
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- can be‘usefully projected;‘ The resolution properties

of a projection screen are best expressed by the

modulation_transfer function, which gives the contrast

transfer characteristics of the screen as a function

- of spatial frequency. Details of the optical transfer

function approach will not be discussed as they are

well known and have been thoroughly treated by a number

of authors.29_34

It is worth noting that since the
transfer function is the Fourier transform of the point
spread function, any physical mechanism which causes

spreading of a point image when projected onto. a screen

will also cause a reduction:in the resolution of the

. screen, i.e., the broader the point image on the viewing

.side of the screen the lower the resolution.

The most important factors limiting resolution are
the size of thé scattering centers, their angular
scattering characteristics, and the thickness of the

scattering layer. Clearly, the thicker the  screen, the
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mqfe Spfeadrout any ppin£.projected.ont§gi# wiilHéppeaf‘
-'gnd there is little, if ahy; resolutioﬁ a£ § s§atial
frequency equal to the reciprocal of thé méanAspacihg
between écattering particles. ‘Another.factbr which
reduces resdlutioﬁ isvthe.irradiancé trapped in the
screen by total internal'réflectioﬁ. This irradi;nce
ténds to.moye across the screen, emerging at a
variety of plaées, adding light Where there should be
none and reducing the overa;l contrast of the image.
This trapping can also dcéur in the substrate on which
the screen is made. Therefore, the broader the scattering
function, the larger the fraction of the scattered irf
radiance trapped and hence, the lower'the resolution.
E. .Diffuse Ref lectance
The diffuse reflectance of a projection screen is
;esponsible for its sensitivity to ambient light. .The
greater thé diffuse refléctance, the greater the

sensitivity to ambient light, i.e. the greater the
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fraction of incident»irradiance_thaﬁ will be returned

'~ to the viewing area. It should be noted that this

 term describes only that component of the ambient

irradiahce which isvdiffusely réturned tq the viéwihg
area ffom a projection screen, in contrast to the
irradiance which might be'specularly reflected as
frdm.absmooth surface. Screéns with a low diffu?e

reflectance, i.e., .01 to .07, in a well lighted room

. with no projection irradiance, appear relatively dark

while screens with diffuse ref lectances greater than

.1 appear white.

\

The sensitivity of a rear projection screen to

- ambient light is important and varies with the specific

,

application. The more transmitting the screen, i.e.,

the less diffusing, the less sensitive the‘screen is to

~ambient light. This is an important factor because in

many applications a display is to be viewed with a

- certain amount of room light present. Ifjthe screen 1is
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Highly’fgansmitting, the'ambiept.irradiénceiwill passvv
through with vefy little'béing'backécétteréd; Howevér,
if-tﬁe screen is highly diffusing a significant-fraé#ion
of the ambient irradiahce will be.backscgtteréd to the
observér thus' degrading the contraét of theAimage.
Generally speaking, the greater the difference between
the ambient irradiance anq séreen brightneés, tﬁe bétter
‘will be the condiﬁions for obtaining goodnquality on

the projection screen._ Such viewing problems have been
treéted in detai; using éroups of observers and varying

9, 19,.21 One common way of making

screen conditions.
rear projection screens less sensitiﬁe to ambient light
is to add an absorbing materiai to thg scattering_layer'
of the screen. However, this sqlution is not only-
undesirable because the efficieﬁcy of the projection
system is reduéed, put because‘a Significant fraction

of the ambient irradiance is backscattered near the

viewing surface of the screen and passes ﬁhrough very
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' ii£tle of the éﬁsorbihg material. A mofgigffeéti?e'“
'Wgy_of reduciﬁg‘this diffuse reflecﬁaqéé'iékby‘placing.

an absofbing layer next to the écfeeﬁ‘oﬁ tﬂef?ieWing '
sidé,-thus insuring that the ambient if:adiance passes
through the absorbing layér twice. The absorbing
material is now more effective, thereere less‘of it
is required; hence the projection losses of the screen
are minimized.

iTo see how diffuse'rgflecfance effects resolution, let
y (R) and y_(R) be the contrasts of a siﬁe.wave target
as a function onSbatial frequency R on the projection
screen with and without a given level 6f ambient ir—'.
‘radiance, respectively. With no ambient irrédiance,

the contrast is giveh by

Imax ‘Imin
Yo R) = 7 T3 . (5)
: max min
Now adding an irradiance to both I___ and I_. equal
. “max min

to the diffuse contribution from the screen, i.e.,

!
!

&
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Ié'Ra;‘gives
- vamx-Lﬁun SR | oy
v (R) = 3 T 9T R . (6)
o max min a . d

. . . + . 3 0 - 3 .
Real}z;ng that Imax Imin is just twice the average

projection irradiance through the screen'fé, the modu-

lation transfer function of the screen, i.e. its

response to ambient 1igh£ can be written

y_ (R) 1
Yo (R) L s IRy : ,

LI
S %

Curves of.y (R)/yo (R) are plotted in Fig. 2 as a func—

tion of Rd for differenﬁ values df_Ia/fp.
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Theory

‘AL Theoretical Model

s

A theoretical model of rear brojection screens is

proposed which is based on single scattering by inde-

pendent sphéres-as described by-G.'Mie.3$ This descrip-

tion of light scattering is used to predict the angular
distribution of energy within a scattering material and

from this the optical and viewing properties are calculated.

j

For completeness, the equations summarizing Mie's theory
of light scattering are g%ven.36' Fo1lowiﬁg Chu, Clark
énd Churchill,‘the-scatte;ed irradiance for the normal
and parallel components of the scattered électromagnetié

field are

- 2
2, .-
)ﬂnIJ + B 3] (8)

Lo = 2 (oo, - (- x o

2

2 ;-
th 11 1. (9)

T, (o) ?'tg:lfAnﬂn T Bplxmy,

- (1 - x
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’ wHe 'Tn and ﬂnl are the flrst and second d vatives,
._withereepeét'to&x,vdfuthef1egenqrewpolynomxal P (x )

of ‘order n.with x = -cos g, and

SRR ( )aéﬁig) o dsn(a)
(=)™ o1y, Sl g MRS, B
Ay = U n (nrl) i 083(3) d¢ ()4 (10)
: ' (a)——a;—m- M*s_ (3)——a—

n

L N n'”’ Sy

Y200 WS g S Bl
n -(n+l) ( ' : "
NS (o) g S, () g

B =

‘Where(Sn(a) = Riccati Bessel function = (

il

dn+%(a) ' ﬁnka) = Riccati Hankel fuzctlon

o ., .4\N Lo ) -
Splad) +3 (-1) (%?)' "-n-% :, and-?n+%‘@’
. ana g " %(@) = Bessel funétions?df half integral

i‘ .order.v

The physical parame?ers in this.description,
Fig. 3, are the angle e};between the airection of
propagation of the scattered irradiance and thé
direction of the incident irradience, the size para-
meter o given by

o = A | (12)

_ana B givenvby

B = MY = oM - ik) (13)

b
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'WhereSD is the diameter cf.epherical particle, ) is the :
wévelength cf‘ipcident rediation in fhe'embedding medium,
.eM.is the real part of the comblex.index of refractioh M*
of the scattering_particlee relafive to the embedding
medium,i.eL'M'e'ﬁP/ﬁé; k is the extinction coefficient
'of the particle material, and i is ,{iIZ .It:shculd be
noted thet the‘dimensionless size parameter alis the ratio
of the circumference of the:particie to the Qavelength.
i
The problem of obtaining eclutionssto'scattering problems
has beenvsimplified ccneiéerably by che existence of
tables listing values of the real and imeginary parts
of An and Bn as well as tabies of the Legeﬁdre
polYnomials including first'ahd second derivatives 38-41.
The coefficient'An and Bn from these tables are then com-
bined into'values of I, (Q) and .I, Sg) according to Egs.
(8) and (Q)vfrom Wbich the angular aistribution function IS(Q})
for a sihgle ﬁarticle is ébtaiﬁed
I (8) OCA I'n(e')"_+ I, (81). | (14)
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,.ﬁa;tel.sgggeéted £hétAE§s. (8)‘and (9j_¢§ﬁ;é be simpiifie@
',iﬁ fqrm by the'repeéted use of recu;réﬁqei#é}afioh Eéfweén
the derivatiyes andjprodﬁcts of Legeﬁdré‘pdiyﬁoﬁials.42
Reéently Chu and Churchill succeeded in>réarrangingvthese
thése equa£ions and in predicting thé angular properties

of the radiation scattered by non-absorbing spheres in

terms of a series of Legendre polynomials;

T, 6) =35 % a, . 8) By (cos o), - as)

| where the coefficients ay are functions of a and g, but

43-46

not of the angle. Although #t is simpler to

evaluate Eq. (15) than Egs. (8) and (9), the tables of

.

a_ and Pﬁ (cos g‘) are limited while tables of A and B

are more complete, i.e., they have finer divisions of M

and g and cover a greater range of size parameters.

Having an analytical description of the effects of
‘particle size and relative refractive index on the

scattering function, there remains the problem of
, _ : -
, | . : _ !
calculating the observed optical properties. Only a

i
|
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Aportidh of the scattered irfadianée“will emerge’ffom
" the screen at its firSt:encounter with the glass-air
interféce; all of the remaining irradiance will be
trapped by internal reflections either partial or
total. The problem of describing the exact history
. A R R
of the trapped irradiance is extremely difficult,
howéVer, as an approximation it has been assumed that

\

the scattered irradiance.reflectediby the glass-air
boundary is completely ré;domized by additional
scattering in passing th;oﬁgh the scattering layer.
It is also assumed'that ﬁalf of tﬁis reflected
irradiance finally emerges from the frpnt*of‘the
screen toward the viewer, and the remaining half is
backscatte;ed toward thé projector.

This approximation is reasoﬁable in the region
where theAscatteringfunction is either relatively
‘uniform, i.e. a < 4 ,.or very directional, i.e.

o > 8. 1In the first case, the trapped irradiance

'is randomized in a singlé_pass through thevscreén,
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, éﬁd:ih;thé:Seépndpcase} the fraction of 1rrad1ance
' trapped is qﬁite sﬁall, £herefore the'specifié
:aistribution of.irradiance has little if any effectf
Ip the regibn 4 < a < 8 the amouptvof trapped irradiance
is significant, yet aftér a single pass through the
scattering layer this irradiance is not completely
randomized.. However, since qnly a'éertain fractign.
of the trapped irradiance is scattered into the
.criticai.angle during each pass through the screen,
éeveral passes'are required before all of the irradiance
if effectively randbmized ana finalI& escapes.
‘Using-this theoretical modei, the angularAdistribution

of energy inside the;glass”qén be written:

I)/é"/\ = Tule)[ - Rutel] + Tofe)[1-Rute) ] . -

(./2'9< , N . o ae)

) . 1 - | u. i
+ f / [E‘*(@')ﬂ» Iu(TT-a')]RH (9') + h(w + IJ_.,/T?—B)] pt,c;; Sin g'dg +

.,¢

‘}__ : /‘9)_%_1 /y')\lc"t 30/5 f- ﬁ,,
v,‘“ Be v 4 v bzu o
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where I, (8') and I, (8') are given by Eqr3(8) and (9)
‘and where R, (6') and R, (8') are the Fresnel reflection

coefficients given by

f‘? /{9/)— T‘QY\(Q &')

Tan® (6’“!‘9 o ~ A7)
| (6-a") ‘
R.L /@’): E,_\Y\_L o ’ ' e
‘ .Qw\ (o+6") | (18)

' The first term in Eq. (15) is the fraction of the
scattered irradiance lyiné within the critical angle,
transmitted into the viewing area or backscattered
into the projection a?ea. The last term is composed
of the scatteréd irradiance lying witﬁin the critical
angle, either at the front or back surface and
totally internally reflected. The integral in the
denominator is the total solid angle into which the

1trapped'ifradiance will be uniformly disﬁributed
before being réfrac%ed through the glass-air igterface

" and out of thé screen.
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88 ia
‘Baééd Qh'éonéervafion-of'¢nergy ¢§nsiderations, fhe»
-'ahgula: probértiés of the scatteréd irradiance inside
f,ana outside éf the screen can be written
"I’ (g) Sin g’ d g’ =1 (g) Sin g A é, '(lé)
where tﬁe terﬁ on_the_léft side deécribes tﬁe magnitgde
andiangglar properties of the scattered irradiahqe con-
tained within a small hollow cone inside.the screen, and
the tefm on the right describes this same hdllqw cone
after refraction through'£he giass—air interface.

Solving for I(g) and>using Sneli's law to obtain

'sin g and dg’/dp., " Eq. (i9) can be written as

: B f(9- -/ y/!~ . i
Iy = [Ye) 2222 T/(&J (20)
’ Nl Cos & - :

In terms of brightness gain B(g), Eq; (20) becomes

-
/]
~
' .
1

: — N t
Bro)= 20 N Iiey
T -,) JR- (21)
o\ ) Cosd

where Io is the incident irradiance and is found by
- integration of Egs. (16)Wor (19). Thus having des-

criptions for both the angular distribution of energy and

brightness, the remaining optical and viewing properties
can now be calculatéd.
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:SH': Thébreti;ai ﬁesults
Vélues of I;_(ei aﬁd I; () were computed for

Q#lues of ¢ at 1, 2, 4; 6, 8, and 10{Aéﬁd values of M‘at

.8, .9, 1.05, and 1.20. The extinction coefficient in all
léalculatiohs was assumed zero, and to compute Fresnel coeffi-
cieqts, a refractive index, ng, of 1;50 for.the'méfrix glaéé
was assumed. From these data were calculated the remaining
optical broperties. ' 7‘ .

" Brightness gain cur;es are plotted as a function of
bend angie with M = 8, fgr differént'size‘parameters in
Fig. 4. As would be.éxpécted, the larger the particle
the more directional thé'scattering and tﬁe greater the
axial gain. The axial gain as a function of the.size
pafaméter a for'different Vaiueé'of the relative refractive
index M, is shown in Fig. 5 and is approximately given by
.862 o over the range of»size parameters considered.

The relg#ive fefractive-index M does not have a strong

' : ' | .
influence on axial gain in that all values of axial

gain lie within 10% of each other for q < 8.0. A broader .
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 spread of ;kial‘gain vaiues'caﬁ,be'expected for vaiues
“-of.M furthernfrqm‘unity.-

As the size paramete; incrééses,'thé gebmetrical crbss—
section becomes more efficient in producing scattering.
 This péintAié not dbvious and‘furthefmore is only correct
for a certain range of g. To better understénd'this,
éonsiderlFig. 6, where the scattering coefficient K,
which is the ratio of thg‘scatteriﬁg cross-sectionpin prof
ducing scattering, is plo#ted as a function of the.size

parameter for different values of the relative refractive

<
i
|

‘index. In the region << 1, the scattéring coefficient

~can be written as

g M=) T
K — _ﬁ_ T el / 'X"r. - / ’
= = fﬁ i (22)

It can be seen from Eq; (22) that in this region the
geometric;l cross-section is not only small but is not
efficient_in‘producing.scattéring. Tﬁis is the Rayléigh
'SCaftering'région where the scattering coefficient is pro-

portional to y 4. Because of this strong wavelength

]
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¢‘dependéﬁc¢, Rqﬁeigh scéttefiﬁg ih a séreeﬁishbuld be
,'aﬁoided,~ Fof larger particles 1 < a.svlo,‘the géqnetricai }
c;oss—éection‘becomes.1arger,.ana the scattering coeffi-
cient is nea; to qnity, ?Qr large véluesvof a i.e., ¢ > 10,
the scattefiné'COeffiéieht oscillates and approaches an
asympototic_value of 2;
A rénge of size parametérs:will exist if fhere is a
range of particle sizes and/or if ﬁolychromatic illumin-
; .
ation is used. Both effects must be take§ into con-
si@eration in estimatihgéthe éxpééted axial gain of any
given.screen material{ W;th polychromatic illumination,
“the range of size parameters is responéibievfof the color -
fidelity properties of the sqregn. This is primarily be-
cause the séattering éoefficient is different for different
size parameters, étvleast in the range g < 10. The frac-

~tion of the incident irradiance,-not scattered after .

- passing through a thickness T of material with a particle’

|
|
I

density p is

’1/2‘0. = ExP Z,{ o 7 /PJ o (23)
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;, Since the scattering crdss—section‘isllargér for the

-shorter wavelengths, these will be scéttéred‘mdre than the

ionger wavelengths. Coldr fidelity problémg'éré easily

detected by comparing the spec£ral engrgy density ét twou\

different SCattering angles, for example on axis éﬂd at
o

457. This phenomena is sometimes so apparent that it can

be detected by a visual comparison, where the screen ap-

‘pears reddish when viewed on axis and bluish at some

other bend angle. 'All volume scattering materials will
display this effect in varying degrees.

The brightness variation V, based on a maximum bend angle

of 459, shows a corresponding increase with axial gain, Fig. 7.

The curve intercepts-the coordinate axis at an axial gain

of 1.2, which corresponds to a uniformly bright screen.
For values of axial gain of 1.2 or less the brightness
variation remains constant while efficiency decreases with

decfeasinq'axial gain. It is important to note that the

‘calculated data for! the given range of values of relative

%
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refractive indices and particle size parameters. were used

. to éohstrUct the'theoreticél curve and that all values of V

are within one percent of the cu;ve given. ‘The.value of'
450 for the limiting bend angle was éhosén éé repfesenta—
tive of many ¢omm6nly used viewing geometries although :
a theoretical ¢urve for any other'bend angle could have
been~computed using the data given in Fig.4.i

The desirability of containing as much of thé scattéred

irradiance within some limiting VieWing angle has already

- been established. Fig. 8 shows the theoretical limits

- for the fraction of scattered irradiance contained within

I

solid angles with half widths of 457 and 90°, i.e. T, and
.T9O from Eq.(4), as a function of axial gain. The rapid
increase of Te for axial gains less than 4 indicates

that extra care is necessary when designing or choosing

a low gain projection screen because of the rapid trade-

. off of usable energy'with axial gain. The upper limit of the

Te'curves is at about 94 percent and is set by Fresnel
. ' 1 , :
b

-reflections of the projection irradiance entering the screen.
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; rAnnapproximatioh to thé diffﬁse feflectancé, i;e.

ﬁhé senéitivity.6fvthe screen .to ambignt ligh£,ICan

_also be obtaiﬁed from this theoretiéaiﬂmodel; Ambient
_irr;diancecan bé sxpected‘jto be incident on the screeh at’
all.ahgles,-hbwever, because of refraction, the extreme‘
‘ray passing into the screen cannot exceed the cri#ical
angie; By averaging over all possible angles, the

bath length éf the average principal_ray through the
screen is not more than 2gvpefcent greater than the screen
thickness. Since the patb length»is not éignificantly
longer, the scattering pf;perties.of'the screen for the
ambient irradiance should.not differ frpm fhose values
already calculated. Therefore the fraction bf projection
irradiance returned into the projection area is thé same
as thé fraction of the ambient irradiance returned to the

viewing area. Thus for a screen with no absorption, -

: the‘difque_reflectance is

a - Y90 ! . ) (24)
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._‘Aé_withvfgo, the.hajdr change'ih‘thgldiffﬁsé reflectance.
occurs for Qéluesvof axial gaiﬁ lgss than 4_and.varies

: ohiy.sloﬁly with axial gain beyoﬁd a value of 7. The
fradeoffs here are of particulér importaﬁCe because of

the low values of diffuse reflectance required in many

applications to view a display in a lighted rdom,
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EXPERIMENTAL RESULTS AND CONCLUSIONS
' In addition to the theoretical studies just described,'

an extensive experimental program was undertaken to test

_the validity of the theoretical work and to identify

materials suited for use in rear projection screens. A
class of materials known as glass-ceramics were chosen for

the study owing to the’gréat variety of crystal sizes, to

the relative refractive indices between the crystals and

glgss, apd to thg number densities which ¢ould be con-
trolléd by composition and éubsequent heat treatment
processes. Figure 9 is an electron miérograph of one glass-
ceramic material apd illustratgs the wide range of physical
properties available by varying oﬁly the»heat treatment.
Crystals with refractive indices relative to air betwéeﬁ

1.3 and 2.0 were grown in a wide rénge of these'special

glasses.

Over .100 different glass—ceramic materials and most

of the commercial rear projection screen materials have
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' been.obtained and Fheirioptical_propertieszﬁégsuréd.ﬁndér 
| Cérefqliy contrbiled conditiqné»using pé}?éhﬁom&tié 11; 
lumination.' A summary of Vé;ges Qf T4$!plét£éd again$£
axiai gain is shown in Fig. 10. It can be seen that.fhe
Corﬁing'métefials are in agreement with the theoretical
calculations; Some Corning matefials pot»in fhé main
gfoup either displayed.incomplete séaftering or multiple
scattering. There.was cdmparable agreement between
theory and the Tgé data plotted against axial gain; in
both instances, the commerciél materials were © oo
below £he tﬁeofetical curves. Consider next the diffuse
reflectance as a function of axial gain, Fig. 11. Materials
which lie above the curve display an excessive diffuse re-
fiectance usually resulting from multiple scattering. Those
materials lying below the curve have lower diffuse reflec-
‘tances than expected, and many of the commercial screen

materials which constitute this group contain various amounts

&
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bf_absbrbing'material{ The presence of this absofbing‘

-materiél accounts for both the lower values of T45,'T96,

t.gnd Rd‘ Originally.these méterialsAhad.higher éxial
gainé and higher values of diffusé ref;eétance. One
ﬁossible‘difficﬁlt? wifh adding an absorbing material to
a high-gain screen‘is that the original brightness varia-
tion‘reméips'unchanged.

Electron photomicrographs ha&e-confirmed the relation-

. . .f |

ship bgtween the particle size.parameter and the brightness
gain distribution given %ﬁ Fig. 4, hdwévef in only a small
fraction of the samples Jefe thé'particle sizes measured.
The advantages of compéring thé different-parameters as
a function of axial gain, where the dependence on the
diameter and the relative réfractivevindex of the.scattering
pafticles is implicit rather than explicit, is that only
optical measurements are Fequifed to compare the optical

’viéwihg properties of any material with the theoretical

calculations. - 1
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Oﬁeﬁother importént point:is that the theoretical

data in the final analysis, must be interpreted in terms

of the response. of the human visual system. As an ex— -

ample, a brightneés variation of + 50 percent over a % 45°

viewing angle may seem quite large, however in practice

it is not unrealistic and a brightness variéﬁion of + 20
percent over'fc_4--5O is.almostiundetectable. A second ex-
ample has already been discussed concerning diffuse
;gflectance an@ the apparent whiteness of a screen when
vieQed under amﬁient lighf coﬁditiqns, Lastly, it is
oftén difficult to detect differences between two screens,
not side-by-side ha?ing similar angulgr properties and
diffe?ing in efficiency by as mﬁch as SO percent.

- The author would like to express his appreciatioﬁ to
Dr. G. K. Megla for suggesting the problem,‘and to.G. M.
Presson for assisfing With»the Compﬁter programming and

the countless hours spent making the necessary measure-

‘ments;also to R. F. Adrion for helpful discussions.
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Fig. 3. Schematic:view of a rear projection screen showing
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Axial gain vs the size=p'arameter a for different values of the relati\}e refractive index.,
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. " Fig. 7. Brightness variation vs axial gain.
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Fig. 8. Two measures of screen efficiency, T45 and Tgg. Vs axial gain.
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Fig. 10." Comparison of measured T45 values with theoretical data, frdrﬁ both-
Corning's glass-ceramic materials and from some commercial rear

projection .screens.

Declassified in Part - Sanitized Copy Approved for Release 2012/11/08 : CIA-RDP79B00873A002000010020-0



Déclassified in Part - Sanitized Copy Approved for Release 2012/‘111“/‘08 : CIA-RDP79800873A002000010020_—0 !

48 e L1039
g 12/4/67
R. B. Herrick

» CORNING SCREENS
s COMMERCIAL SCREENS

DiFFUSE REFLECTANCE,Rd (PERCENT)

0 . ! » 1 [} K
0 2 4 6 8 ’ 10 12 14

AXIAL GAIN

o Fig. 11. Diffuse reflectance vs axial gain.
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